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Also palladium-catalyzed carbonylation reactions using carbon monoxide are becoming increasingly important for the synthesis of carbonyl derivatives, which are valuable intermediates in the manufacturing of dyes, pharmaceuticals and agrochemicals.
5 Carbonylation reactions taking place under oxidative conditions have been studied as a powerful tool for the synthesis of carbonylated compounds. 6 Typically an alcohol or an amine will be used as the nucleophile in these carbonylation reactions. Quenching of the acylpalladium(II)-species with a carbon nucleophile such as terminal alkyne resulting in the synthesis of ynone unit are relatively scarce.
7 High reaction temperatures and high pressures of carbon monoxide are generally required for the selective carbonylative-Sonogashira reaction. Several reports were published in recent years for the successful synthesis of ynones. 8 Ynones are key building blocks for the synthesis of a various heterocycles like pyrimidines, 9 pyrazoles, 10 oximes 11 and others. They are also valuable precursors for the preparation of a wide variety of biologically active molecules and synthetic intermediates.
Development of palladium-catalyzed oxidative carbocyclization reactions has been one of the prime interests in our group for the formation of various carbo-and heterocycles.
12
Along these lines, we have previously reported palladiumcatalyzed carbocyclization reactions of enallenes, dienallenes and allenynes. In the presence of catalytic amounts of Pd(II)-salts, enallene 1a undergoes carbocyclization to give the intermediate 2 (Scheme 1). In the absence of any coupling partner, this intermediate leads to triene 3 after β-elimination (Path a). 13 More recently, the synthetic potential of these carbocyclization reactions has been extended to borylation 14 and arylations (Path b). 15 Attempts to trap the alkylpalladium(II)-species with other organometallic reagents and pronucleophiles have not been successful. Based on our previous work and the importance of ynones, we envisioned a carbocyclization-carbonylative-Sonogashira reaction cascade of enallens 1 and terminal alkynes 5 in the presence of carbon monoxide (Path c). 16 To our knowledge, carbonylative-Sonogashira reaction as a last step of the insertion cascade of carbocyclization reaction was never reported.
Scheme 1. Palladium-catalyzed oxidative carbocyclization reactions
Similar to most cascade reactions, the main problem for the intended project is the competing kinetics between several possible reaction pathways. 4 Insertion of carbon monoxide into the C-Pd bond of 2 should be fast enough so that the competing β-elimination to give 3 is avoided. Also direct reaction of 2 with the terminal alkyne to give noncarbonylative coupling product (cf 4 Y=alkyne) is expected to be slower than carbonylation. The other challenge would be to control the hampering reactivity of terminal alkynes to undergo homo-coupling under the oxidative conditions. General: 1.0 equiv. of 1a (0.13 mmol), 2.0 equiv. of phenylacetylene 5a and 2.0 equiv. of BQ in 1.0 mL of solvent at room temperature for 12 h. a Yield was determined by 1 H NMR spectroscopy using mesitylene as the internal standard. b Yield of the isolated product after column chromatography. Enallene 1a and phenylacetylene 5a were chosen as the coupling partners for the optimization of the reaction cascade. Under 1 atm. of carbon monoxide, various solvents were screened using 5 mol% of Pd(OAc) 2 as the catalyst and 2.0 equiv. of 1,4-benzoquinone (BQ) as the oxidant (Table 1) . We were pleased to find that the reaction cascade proceeded cleanly at room temperature in DCE after 12 h giving the product 6aa in 35% NMR yield along with the remaining starting material 1a (Entry 4). The reaction furnished selectively ynone 1a and no β-elimination product 3 was observed in the 1 H-NMR spectrum of the crude reaction mixture. The whole process involves the formation of three carbon-carbon bonds in a domino fashion. The use of 10 mol% of Pd(OAc) 2 and prolonged reaction time (36 h) gave 6aa in 64% yield (Entry 5). In order to improve the yields, other palladium salts were tested for the reaction (Entries 6-9). While PdCl 2 and Pd(acac) 2 led to no reaction, 1,2-bis(phenylsulfinyl)-ethanepalladium(II) diacetate 7 afforded 6aa in only 13% yield. Interestingly, the use of 5 mol% of Pd(TFA) 2 (TFA = trifluoroacetate) in place of Pd(OAc) 2 in DCE dramatically improved the conversion and gave 6aa in 92% yield (85% isolated yield). The combination of catalytic amounts of Pd(TFA) 2 and DCE as solvent was found to be essential for the success of the reaction as other solvents like THF, Toluene and acetonitrile with 5 mol% Pd(TFA) 2 led to lower yields (Entries 10-12). It should be noted that the cascade reaction can be carried out with 2 mol% of Pd(TFA) 2 as catalyst; in this case a longer reaction time (36 h) was required. (Entry 13). After having the optimized conditions for the cascade carbocyclization-carbonylation-alkynylation in hand, we tested the scope of the different terminal alkynes for the reaction using 1a as substrate. As can be seen from Table 2 , under operationally simple reaction conditions various substituted phenylacetylenes reacted with 1a to provide the corresponding cyclized ynones 6aa-6ah in good to high isolated yields (Entries 1-8). Both electron-donating and electron-withdrawing groups were compatible with the reaction conditions. The reaction was found not to be sensitive to the presence of electronically and sterically different substituents on the aromatic ring. Interestingly, the reaction of 1a with 1,3-diethynylbenzene 5h, which has two terminal alkyne units, selectively gave monoalkynylation product 6ah and the second alkyne group stayed intact during the reaction (Entry 8).
Aliphatic acyclic and cyclic terminal alkynes also reacted smoothly in the reaction to generate the corresponding products in good yields . Notably, bromo and chloro substituents were also compatible with the reaction conditions (Entries 10 & 11) . The use of enynes as terminal alkynes afforded the corresponding products 6am and 6an in 94% and 79% respectively (Entries 13 & 14) . Gratifyingly, the reaction can be extended to trimethylsilylacetylene to give the TMSprotected alkyne 6ao (81% yield), which after desilylation can be used for further functionalization (Entry 15). Subsequently, we tested the scope of the enallenes for the cascade reaction using phenylacetylene 5a as the terminal alkyne (Table 3) . Under standard conditions, differently substituted enallenes 1 served as useful substrates for the formation of cyclic enynes 6 in good yields. Substrates in which the dimethyl groups of the allene unit were replaced with either pentamethylene or methylethyl unit required a slight increase in temperature to 40 o C for clean reaction to give 5ba & 5ca (Entries 2 & 3) . Enallene 1d having a methyl substitution on the olefin unit underwent the cascade carbocylizationcarbonylation-alkynylation to afford ynone 6da having allcarbon quaternary center in 73% yield at 80 o C (Entry 4). For the substrate 1e with a substituent on the terminal position of the alkene, we were pleased to find after optimization that 10 mol% of Pd(TFA) 2 at 50 o C led predominantly to cyclized product 6ea (Entry 5).
18 Reaction with substrate 1f shed light on the importance of the position of alkene and allene units for the co-ordination. While 1,5-enallenes are found to be good substrates at room temperature for the cascade reaction, 1,6-enallene such as 1f did not give any product even at high temperatures (Entry 6).
Aerobic oxidative carbocyclization reactions proceeding using molecular oxygen as the stoichiometric oxidant have gained considerable attention in recent years as these processes are inexpensive, environmental friendly, and produce water as the only byproduct.
19 Direct re-oxidation of the reduced metal catalyst with molecular oxygen is often a slow and difficult process because of the high kinetic barrier for the reoxidation. To circumvent high pressures of O 2 , biomimetic procedures in which the high kinetic barrier will be divided into several smaller units by using electron-transfer mediators (ETMs) were developed previously in our group for various transformations. 20 A balloon consisting of approximately equal amounts of CO and O 2 was used along with 20 mol% of BQ and 5 mol% Co(salophen) 8 as ETMs for the reaction at room temperature (Scheme 2). These optimized conditions worked well for the cascade reaction to give the products 6aa-6ad in good yields after 36 h.
Scheme 2. Palladium-catalyzed cascade carbonylationalkynylation under biomimetic conditions
A possible mechanism for the palladium-catalyzed oxidative cascade carbocyclization-carbonylation-alkynylation is depicted in Scheme 3 based on previous studies in our group. In the first step, palladium forms a π-complex with both the allene and alkene units. Attack of the allene moiety on Pd(II) Scheme 3. Proposed mechanism generates 10 which undergoes carbocyclization to provide 11. Insertion of carbon monoxide onto the Pd-C bond of 11 takes place to give the acylpalladium(II) species 12. Subsequent transfer of an alkynyl moiety leads to the formation of intermediate 13. Reductive elimination from 13 affords the product 6 and Pd(0), which can be oxidized back to Pd(II) by the oxidant.
In summary, we have developed an operationally simple protocol for the palladium-catalyzed oxidative carbocyclization followed by carbonylative Sonogashira reaction of enallenes. The reaction proceeds under ambient conditions of temperature and pressure (room temperature and 1 atm. carbon monoxide) using 5 mol% of Pd(TFA) 2 in DCE in the absence of any ligands. Good to excellent yields were obtained for various aliphatic, aromatic and silyl-protected terminal alkynes to provide the corresponding ynones. Three new carbon-carbon bonds are formed in an efficient manner and a high degree of molecular complexity was achieved during the cascade carbocyclization-carbonylation-alkynylation reaction.
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